A plasma-assisted directed vapor deposition approach has been explored for the synthesis of lithium phosphorous oxynitride ͑Lipon͒ thin films. A Li 3 PO 4 source was first evaporated using a high voltage electron beam and the resulting vapor entrained in a nitrogen-doped supersonic helium gas jet and deposited on a substrate at ambient temperature. This approach failed to incorporate significant concentrations of nitrogen in the films. A hollow cathode technique was then used to create an argon plasma that enabled partial ionization of both the Li 3 PO 4 vapor and nitrogen gas just above the substrate surface. The plasma-enhanced deposition process greatly increased the gas phase and surface reactivity of the system and facilitated the synthesis and high rate deposition of amorphous Lipon films with the N / P ratios between 0.39 and 1.49. Manipulation of the plasma-enhanced process conditions also enabled control of the pore morphology and significantly affected the ionic transport properties of these films. This enabled the synthesis of electrolyte films with lithium ion conductivities in the 10 −7 -10 −8 S / m range. They appear to be well suited for thin-film battery applications.
I. INTRODUCTION
Rechargeable thin-film Li/ Li-ion batteries have been widely investigated as higher energy density replacements for nickel-metal hydride rechargeable batteries 1 and also for use as on-chip power sources. 2 Secondary, or rechargeable, thin-film Li/ Li-ion batteries are multilayer structures consisting of a metallic current collector, a cathode, an electrolyte, and an anode. 2, 3 Their total thickness is normally less than 15.0 m including the ϳ6 m thick environmental protective layer that is needed to avoid absorption of oxygen and moisture. 4 During the discharge of these batteries, lithium ions diffuse from the anode, migrate through the solid electrolyte, and accumulate in the cathode layer by intercalation. 5 Electron flow occurs in the reverse direction through a load resistor. Both processes reverse during a charging cycle.
The effective charge and discharge of rechargeable thinfilm Li/ Li-ion batteries requires a thin-film electrolyte that blocks electron transport while allowing high conductive passage of lithium ions. 6 This translates into an electron conductivity less than ϳ10 −14 S / cm and a Li-ion conductivity in the 10 −5 -10 −8 S / cm range. 5 It is also essential that the thinfilm electrolyte through thickness be free of interconnected porosity or cracks to avoid electrical breakdown ͑electrical shorting͒ when a voltage is applied across the electrolyte. 7 The thin-film electrolyte also needs to be both thin ͑1-2 m͒ to reduce internal resistive losses, and uniform in thickness to avoid localization of the discharge process. 6 In rechargeable thin-film lithium batteries, the thin-film electrolyte should also not decompose when in intimate contact with a lithium metal anode. The thin-film electrolyte therefore plays a crucial role in the operation of rechargeable thin-film Li/ Li-ion batteries and its synthesis must be carefully controlled to achieve the desired composition and structure needed to optimize battery performance. 6 Many electrolyte chemistries have been investigated for rechargeable thin-film Li-ion batteries. 8, 9 They include Li 2 S-P 2 S 5 -LiI, 10 Li 2 S -SiS 2 -LiI, 11 17 and lithium phosphorous oxynitride ͑Lipon͒. 18 While the Lisulfate electrolytes have a high Li-ion conductivity of 10 −3 -10 −4 S / cm, they are highly reactive with air and are difficult to fabricate because of their corrosive nature. The Li-oxide electrolytes are much more stable in oxygen but also absorb moisture. 9 They also have a lower Li-ion conductivity ͑10 −6 -10 −8 S / cm͒ than Li-sulfate electrolytes. 8, 9 Furthermore, both the Li-sulfate and Li-oxide electrolytes are decomposed when they come into contact with a lithium anode with an applied potential of up to 5.0 V. 9 Lipon electrolytes have been extensively investigated for thin-film Li/ Li-ion battery applications, 3 and are widely used in thinfilm Li/ Li-ion batteries because they do not decompose when in contact with a lithium anode. They also possess a relatively high Li-ion conductivity ͑in the 10 −6 -10 −7 S / cm range͒. 18, 19 Since the ionic conductivity of amorphous Lipon films is generally more isotropic and higher than that of crystalline films, amorphous Lipon films are preferred for solid electrolyte applications. 6 Rechargeable thin-film batteries based upon lithium anodes and Lipon electrolytes have been fabricated by a combination of resistive thermal evaporation and reactive rfmagnetron sputtering. Bates et al. successfully synthesized Lipon films using rf-magnetron sputtering under either mixed Ar-N 2 or pure N 2 atmospheres. 18 While high quality Lipon films could be synthesized, the rf-magnetron sputtera͒ Author to whom correspondence should be addressed. Tel.: ϩ1-434-982-5035. Electronic mail: ygk4x@virginia.edu ing suffered from a very low deposition rate ͑ϳ1 nm/ min͒ due to the low working pressure ͑ϳ20 mTorr͒ and low power ͑12-40 W͒ needed to avoid cracking of the target. 20 Attempts have been made to increase the deposition rate of Lipon films by using a N 2 -He ͑instead of an Ar͒ plasma. However, the deposition rate of the Lipon films still remained less than 3.0 nm/ min. 21 Several attempts have been made to synthesize Lipon films by other deposition approaches including pulse laser deposition ͑PLD͒, 22 ion beam assisted deposition ͑IBAD͒, 23 and electron-beam ͑EB͒ evaporation. 24 The deposition rate of PLD films was in the 13.3-50 nm/ min range while those synthesized using IBAD could be grown at up to ϳ66 nm/ min. Both approaches therefore enabled film growth at much higher deposition rates than the rfmagnetron sputtering approach. The PLD and IBAD methods resulted in films with a Li-ion conductivity in the 1.4 ϫ 10 −6 -4ϫ 10 −8 S / cm range. 22, 25 Unfortunately, the Lipon films deposited by the PLD approach had a very rough surface morphology while those synthesized by the IBAD approach contained large tensile stresses which led to film cracking and electrical shorting in metal/Lipon/metal test cells. 22, 23 The EB evaporation approach has employed moderate power ͑300 W͒ e-beams for the evaporation of a Lipon source and a moderate power ͑ϳ250 W͒, 13.54 MHz inductively coupled Ar-N 2 plasma ͑ICP͒ reactor for reactive synthesis in an ionized nitrogen environment. 24 These EB evaporated Lipon films had a Li-ion conductivity of ϳ10 −7 -10 −8 S / cm and could be grown at somewhat higher deposition rates ͑ϳ8.33 nm/ min͒ than those achievable using reactive rf-magnetron sputtering. 24 While the maximum deposition rate for this approach was significantly less than that of the PLD and IBAD approaches, it appears a promising route for the more economical deposition of Lipon films, especially if the deposition rate can be improved without adversely affecting other properties of the electrolyte.
After depositing the cathode and Lipon films by rfmagnetron sputtering, a battery structure is usually completed by deposition of a lithium anode using a resistive thermal evaporation method. 3 Lithium alloys are highly reactive with water vapor and so the resistive thermal evaporation step is usually conducted inside a dry, inert environment in order to avoid reactions during the transfer of samples. 26 A plasma-assisted directed vapor deposition ͑PA-DVD͒ approach for the deposition of various metals and metal oxides has recently been developed. 27, 28 This electronbeam evaporation-based approach has a multisource capability raising the possibility of depositing all the layers of a thin-film battery within a single reactor. 27 In the PA-DVD approach, a supersonic gas jet is generated via an annular nozzle that surrounds source-containing crucibles. 27 A moderate power, high voltage electron beam is then used to thermally evaporate the source materials either sequentially for layered systems or simultaneously for alloy deposition. A supersonic helium gas jet focuses and rapidly transports the vapor towards a substrate. This can also significantly reduce lateral spreading of the evaporant enabling the vapor plume cross section to be matched to that of the substrate and thereby increase the deposition rate of a film. 28, 29 Plasma activation has been implemented using a hollow cathode-activated deposition ͑HAD͒ process. 30 The HAD process can improve the microstructures of some films by increasing the mobility and reactivity of the vapor fluxes, and by reducing the significance of shadowing as vapor condenses on the surface of a substrate at a more normal incidence. Nitrogen doping of the gas jet provides a potential means for reactively forming nitrogen rich compounds. However, because nitrogen has a strong triple bond ͑with a bond energy of 9.8 eV͒, plasma assistance is usually necessary for its incorporation in Lipon films.
Here, we investigate the use of a PA-DVD approach for the deposition of Lipon thin films and explore the effects of film structure, morphology, and composition upon film resistivity by varying the conditions used for film synthesis. It is found that significant concentrations of nitrogen can be incorporated during Li 3 PO 4 deposition provided plasma assistance is used. This plasma assistance is shown to enable the synthesis of amorphous, fully dense Lipon films at rates that are up to 45 times higher than those achieved with reactive rf-magnetron sputtering. We find that the Lipon films made by this approach have a Li-ion conductivity comparable to that of material prepared by conventional EB evaporation with inductively coupled plasma activation.
II. PLASMA-ASSISTED DIRECTED VAPOR DEPOSITION
The PA-DVD approach employed here utilized a 70 kV/ 10 kW e-beam gun and a water-cooled, copper crucible for source material evaporation. This cold crucible approach was used to minimize reactivity between the crucible and the molten source material. A 2.3 cm outer diameter crucible was positioned coaxially within a 3.0 cm inner diameter nozzle, Fig. 1 . The resulting annular nozzle was used to create a supersonic gas jet by maintaining an upstream pressure ͑P u ͒ that was significantly higher than the downstream pressure ͑P d ͒ in the DVD chamber. The pressure ratio ͑P u / P d ͒ and the ratio of the specific heats of the gas ͑␥͒ then determine the speed, U, of the gas jet at the nozzle exit as follows:
where ␥ is ratio of specific heats ͑5 / 3 for He͒, M is the Mach number of the flow, T is the absolute temperature ͑K͒, and R s is the specific gas constant ͑2077 J kg −1 K −1 for He͒. The Mach number for the gas jet is found from 27 
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where P u is the upstream pressure and P d is the downstream of the nozzle. If the upstream pressure is at least twice that of the downstream region, the jet is initially supersonic ͑M Ͼ 1͒ and increasing the P u / P d pressure ratio increases its speed.
Since the vapor is created in the nozzle throat, momentum-transferring collisions between the gas jet forming atoms and the source vapor result in its entrainment of the vapor in the jet plume. This enables the vapor to be focused and transported towards a substrate. The degree of focusing is controlled by the carrier gas flow rate and density and therefore by the upstream pressure, P u . 27 During reactive deposition, the use of low vacuum process conditions enables the reaction rate between the reactive gas and the evaporant to be increased over that achievable with processes that must operate in more rarefied environments.
The DVD process typically operates with a downstream pressure ͑deposition chamber͒ of the ͑0.75-7.5͒ ϫ 10 −3 Torr. The incident vapor molecules therefore undergo numerous thermalizing collisions during vapor transport. 27 Thornton empirically showed that these conditions result in porous columnar-structured films. 31 Many atomistic simulations have subsequently indicated that denser, equiaxed grain films can be grown by increasing the kinetic energy of the atoms or molecules incident upon a substrate. [32] [33] [34] Morgner and co-workers have proposed a HAD process, which can be combined with high rate thermal evaporation DVD approach to enable the reactive synthesis of conductive and dielectric films with reduced intercolumnar porosity. 30, 35 Hollow cathode discharges have higher electron densities ͑in the ϳ10 12 cm −3 range͒ than those of a rf discharge ͑in the ϳ10 10 cm −3 range͒. 30 The electron energy distribution function is composed of a Maxwell distribution of isotropically scattered electrons and a superimposed directed electron distribution-the so called low-voltage electron beam ͑LVEB͒ whose energy is in the 3 -15 eV range. 30, [35] [36] [37] [38] [39] The low-voltage electrons have a high inelastic scattering cross section during collisions with argon and efficiently create an argon plasma. When a vapor flux passes through this plasma, up to ϳ30% of the vapor can be ionized. 30 A schematic illustration of the implementation of this approach in the PA-DVD system is shown in Fig. 2 .
For the reactive deposition experiments described below, the LVEB energy range was sufficient to cause significant ionization of a reactive nitrogen gas in addition to the argon FIG. 1. Plasma-assisted directed vapor deposition ͑PA-DVD͒ system. The approach entrains an electron-beam created evaporant in a rarefied supersonic gas jet. The upstream pressure behind the nozzle was P u while that downstream in the chamber pressure was P d . Both are indicated in the figure. The hollow cathode unit utilized an Ar flow during its injection of electrons towards the anode.
FIG. 2. Schematic illustration of the plasma generation process. The hollow cathode ͑left͒ uses thermionic electron emission to create a low-voltage electron beam ͑LVEB͒ in the 3 -15 eV range. These electrons are injected with an Ar gas jet into the deposition chamber through the end orifice of a hollow cathode and are accelerated towards an anode plate. A plasma consisting of electronically excited and ionized evaporant and working gas atoms/molecules is formed. A plasma sheath exists near a biased substrate, and this sets up a plasma sheath potential, V ps , which draws the ion flux ͓with a substrate ion current ͑I s ͔͒ towards the deposition surface. Note that M represents neutral vapor molecules, M * are electronically excited vapor molecules, and M + are ionized vapor molecules.
working gas of the hollow cathode system and the evaporant molecules. The plasma sheath potential also changed the average vapor incidence angle making it more perpendicular to the film surface. This reduces the probability of shadowing and associated pore formation. It also increases the reaction rate between the evaporant and reactive gas species.
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III. EXPERIMENTAL METHODOLOGY
A. Film deposition
Cold pressed, 1.3 cm diameter Li 3 PO 4 rods provided by Plasmaterials Inc. ͑California͒ were used as an evaporation source. They were fabricated from powder and were porous with a density between 60% and 80% of the theoretical density ͑the theoretical density of Li 3 PO 4 is 2.54 g / cm 3 ͒. A 10 kW/ 70 kV electron beam was used to evaporate the source material. The electron-beam current density on the source surface then controlled the evaporation rate. This was gradually increased until the critical power density ͑ϳ221.2 W / cm 2 ͒ for unstable evaporation ͑droplet emission͒ was reached. All subsequent evaporation campaigns then used a lower power density of ϳ110.6 W / cm 2 to ensure no droplet incorporation in the films. The Lipon films were deposited on several different substrates in order to conduct a full set of the film characterizations: glass substrates were used for x-ray diffraction studies and x-ray photoelectron spectroscopy, a ͑100͒ silicon wafer was for scanning electron microscopy studies, and stainless steel substrates were used for electrochemical impedance spectroscopy measurements.
The deposition of Lipon films was initially carried out with the supersonic He+ N 2 gas jet of 2.5 slm; however, the deposition rate of Lipon films was unsatisfactory. It should be noted that the base chamber pressure was around 1.35 ϫ 10 −2 Torr and the pressure ratio ͑P u / P d ͒ was 3.64. For a high rate deposition, the deposition experiments used a higher carrier gas flow of 5.0 slm for 10-30 min. Because this increased the upstream pressure ͑P u ͒ to 9.75 ϫ 10 −2 Torr and the downstream pressure ͑P d ͒ to 2.34 ϫ 10 −2 Torr, the pressure ratio ͑P u / P d ͒ increased from 3.64 to 4.17.
For many of the depositions, the hollow cathode plasma technique was employed to ionize the vapor species near the substrate. As shown in Fig. 2 , the plasma intensity was controlled by the plasma current ͑I HC ͒, which was measured between the hollow cathode and an anode plate with dimensions of 15.0ϫ 9.0 cm 2 . The plasma current could be adjusted from 60 to 200 A by an external power supply. As shown in Tables I and II , a plasma current range of 60-150 A was used for the plasma-assisted deposition experiments. Argon was used as the plasma working gas and the electrons emitted from the hollow cathode then created an argon plasma. The Lipon film depositions were all conducted without substrate heating. The substrate temperature during the unassisted deposition runs was 55± 5°C. The substrate temperature during the plasma-assisted deposition was higher ͑195± 15°C͒ due to resistive sample heating and energetic particle impacts.
The deposition rate was obtained from the deposition time and the measured Lipon thickness determined by scanning electron microscopy. As shown in Table I , the Lipon film deposition rate decreased when the argon plasma was activated and decreased further with increase of the plasma current. The reduced deposition rate was a result of evaporant plume defocusing by the cross-flowing argon jet utilized during the PA-DVD approach. Even so, the deposition rate was up to 45 times faster than that reported for reactive rfmagnetron sputtering.
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B. Characterization methods
Lipon films were characterized by a variety of experimental methods. A JEOL 6700 scanning electron microscope ͑SEM͒ was employed to investigate the surface morphology and cross-sectional microstructure of Lipon films deposited on silicon substrates. X-ray diffraction ͑XRD͒ was used to determine the structure of both the Li 3 PO 4 and Lipon films. The diffractometer employed a Cu K␣ 1 radiation source ͑ = 1.5405 Å͒ and scanned a 2 angle of 10°-80°with a 0.02°s can increment. X-ray photoelectron spectroscopy ͑XPS͒ was used here to determine a N / P ratio for the films and to provide information about elemental bonding environments. A Perkin-Elmer 560 XPS system with an Al K␣ x-ray excitation source ͑1486.6 eV͒ was used for these measurements. Because surface charging shifted these peak positions, the C 1s peak at 285.0 eV was taken as a reference energy position. A Li/ P ratio of Lipon films was obtained by using a Varian Vista-MPX inductively coupled plasma optical emission spectroscopy ͑ICP-OES͒. A Li 3 PO 4 powder sample was used as a standard.
The Li-ion conductivity of the Lipon films was determined by electrochemical impedance spectroscopy ͑EIS͒. Curve ͑a͒ corresponds to a sample synthesized without plasma assistance. The sample marked ͑b͒ utilized plasma assistance with a plasma current of 60 A. Examination of the N 1s energy peak shows that the use of the plasma was necessary to induce nitrogen doping of Li 3 PO 4 .
In order to measure the EIS spectra, a stainless steel substrate/Lipon/Au test cell with four test pads ͑of 2.5 mm diameter͒ was fabricated. The complex impedance of each of the test pads was then measured in the 0.1-10 5 Hz frequency range at room temperature with 0.1 logarithimic increments. The EIS measurements of Lipon test cells employed a Princeton Applied Research Potentiostat/Galvanostat ͑Model 273A͒ and a Solartron Frequency Response Analyzer ͑Model 1255 FRA͒. The Cole-Cole equation was used to deduce the Li-ion conductivities from the impedance plane data. 18, 40 Sometimes a metal/Lipon/metal test cell structure contains an ion-blocking interface. In this situation only capacitive effects contribute to the measured impedance at low frequencies. If the interface between the electrolyte and the ionblocking electrode is not smooth, it will sometimes not function as a perfect blocking electrode. The EIS spectra do not then intercept the real impedance axis of impedance plane diagrams at a 90°angle in the low frequency regime. In this case, the EIS spectra cannot be represented as a pure capacitance response in the low frequency range. The impedance contribution of an imperfect capacitance, Z i , must then be employed in the low frequency range. The impedancecapacitance relation in this regime is defined by
where C dl is interfacial capacitance between a metal layer and a Lipon film, is angular frequency ͑Hz͒, and 0 ഛ n ഛ 1.
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As shown in the inset of Fig. 11͑a͒ , the imperfect capacitor's impedance, Z i , can be combined in series with the ColeCole equation. Using the modified circuit model, the Lipon resistance, R Lipon , can be obtained. The Lipon resistance is then used to calculate the Li-ion conductivity, ionic , as follows:
where d is the thickness of Lipon films and A is the area of the test cell.
IV. RESULTS AND DISCUSSION
A. DVD film growth without plasma assistance
The first series of experiments were conducted without plasma assistance. XPS measurements indicated that films grown from a Li 3 PO 4 source using a He+ N 2 gas jet without plasma assistance did not contain nitrogen, Fig. 3͑a͒ . This indicates that the nitrogen is unable to react with the Li 3 PO 4 vapor during either vapor transport or condensation upon the substrate. The XRD measurements indicate that the Li 3 PO 4 films grown without plasma assistance were amorphous, Fig.  4 . Figure 5 shows surface and cross-sectional images of one of the Li 3 PO 4 film deposited on a ͑100͒ Si substrate. Extensive networks of connected ͑mud͒ cracks and isolated pores were present on the film surface. The mud cracks extended through the entire film thickness. The films contained a high volume fraction of isolated pores and were typical of refractory materials deposited by the DVD method under low vacuum pressure conditions. 41 It arises from flux shadowing under severely restricted surface atom mobility conditions. 27, 31 B. Plasma-assisted film growth
Composition
The use of plasma assistance during the deposition of Li 3 PO 4 resulted in the incorporation of nitrogen. Evidence of this can be seen the appearance of a N 1s peak at ϳ400.0 eV in the XPS spectrum shown in Fig. 3͑b͒ . The voltage versus current measurements indicated that electron energies were around 5.21 V and 15.18 eV; in other words, the electrons generated by the hollow cathode can transfer high energy into vapor atoms and provide enough energy to ionize nitrogen ͑ϳ14.54 eV͒. The N / P ratio measured by XPS for the Lipon films increased linearly with the plasma current, Fig.  6 . The Li/ P ratio of these Lipon films decreased with increase of the plasma current, Fig. 6 . As shown in Fig. 7 , if the triply and doubly coordinated nitrogen atoms are locally incorporated, they can form a material with a composition of either Li 2 PO 3 N 0.33 or Li 2.5 PO 3 N 0.5 . In both cases, nitrogen incorporation would then result in lithium deficiencies in Lipon films. Previously, Rohrbach and Lunk indicated that the increase of plasma current increases electron density and in- creases the electron energy. 42 In general, the increased electron energy increases ion energy by inelastic collisions. Since the argon gas jet has higher energy with the increase of plasma current and its direction is perpendicular to the direction of Li 3 PO 4 vapor plume, the lithium deficiencies might also be enhanced by the argon gas jet scattering of ͑light͒ Li atoms from Li 3 PO 4 vapor plume. Figure 8 shows the surface morphology of films prepared by the PA-DVD approach. The Lipon films deposited using plasma assistance did not form mud cracks. These cracks are often associated with differential thermal contraction of the film and substrate. It therefore usually increases with substrate temperature. This was much higher ͑195± 15°C͒ during the plasma-assisted depositions and so the disappearance of the cracks is either a result of a much stronger interfacial bond strength or an effect of the increased ion energy whose impact with the film can reduce intrinsic stresses. 43 Increasing the plasma current also significantly modified the surface morphology of the Lipon films, Fig. 8 . When a plasma current of 60 A was used, the surface of the Lipon films was composed of intersecting features with a spiral pattern, Fig. 8͑a͒ . Occasional pores were also present near intersections of these features. When the plasma current was increased to 90 A, the Lipon film became denser and smoother. The use of plasma currents of 120 and 150 A resulted in a smooth film with no evidence of surface voids.
Morphology
Compared to the Li 3 PO 4 film, the Lipon films grown using plasma assistance had dense film structures, Fig. 8 . At the plasma current of 60 A, the Lipon film had a dense columnar structure. Further increases of plasma currents resulted in columnar-free, dense Lipon films. Because the increase of plasma current increased the probability of vapor and working gas ionization, it also increased their kinetic and internal energies. The resulting densification of the film is then a consequence of atomic reassembly on the growth surface that increased with plasma current. When the plasma current was increased to 150 A, some pores were present at the interface between the substrate and the Lipon film. These pores are highly undesirable since they can facilitate electrical shorting of a thin-film battery during recharging.
Structure
The XRD patterns of films grown with the plasma assistance contained broad peaks, Fig. 4 . They are indicative of films that were amorphous. This is beneficial to thin-film battery application because the ionic conductivity of amorphous films is generally more isotropic and higher than that of single crystal or textured polycrystalline films. 6 The XPS spectra were measured and used to investigate how nitrogen was incorporated into the Lipon films. Figure 9 shows that the P 2p XPS peaks of Lipon films were shifted down in energy from 134.5 to 132.8 eV as the plasma current was increased. Simple charged-shell models indicate that this binding energy chemical shift is approximately proportional to the change in charge of the ions in the solid. 44 , 45 Brow and Pantano have explored the XPS spectra of silicon oxynitride thin films and found that nitrogen incorporation results in a binding energy chemical shift for the silicon ion. 45 Brow et al. also investigated sodium phosphorous nitride glasses, NaPO x N y , and found that the P 2p XPS peaks were shifted from 134.8 to 133.9 eV with increase in nitrogen concentration. 46 They attributed the P 2p chemical shift to the replacement of P-O bonds by P-N bonds which change the charge distribution around phosphorus in their films. The same effect is believed to be responsible for the shift seen in the Lipon films here.
Previously, Veprek et al. have conducted XPS measurements of amorphous phosphorous nitrides and suggested that nitrogen was incorporated in both a doubly and triply coordinated state. 47 materials. 48 They also found strong evidence that two types of nitrogen bonds were incorporated into Li 3 PO 4 , as shown in Fig. 7 . Figure 10 indicates that the N 1s XPS peak can be decomposed into two peaks: one corresponds to triply coordinated nitrogen ͑-N v ͒ with number density N t , and one for the doubly coordinated nitrogen ͑-N Ͻ ͒ with a number density N d . We observed that the average binding energy of the triply coordinated form was ϳ397.28 eV while that of the doubly coordinated structure was ϳ398.52 eV. These results agree well with the binding energies observed by Veprek et al. 47 Table II shows the N t / N d ratio deduced from each of the films grown using plasma assistance. Increasing the plasma current reduced the N t / N d ratio, and was correlated with an increase of the N / P ratio of the films. It also should be noted that because the effective ionic radius of N 3− ͑1.32 Å͒ is larger than that of O 2− ͑1.24 Å͒, nitrogen substitution for oxygen is likely to induce a structural distortion of Li 3 PO 4 .
Bates et al. suggested that increasing the triply bonded nitrogen concentration results in a higher Li-ion conductivity in Lipon films because these triply coordinated nitrogen atoms induce larger structural distortions compared with the doubly coordinated nitrogen atoms. 49 In their experiments, nitrogen incorporation into Li 3 PO 4 increased the Li-ion conductivity into the ϳ10 −6 S / cm range and enhanced Lipon stability when in contact with Li.
19, 49 These factors resulted in significant cyclic life extension ͑Ͼ10 000 discharge cycles͒ for their rechargeable thin-film lithium batteries. 50 The PA-DVD approach described above resulted in Lipon films with a N / P ratio of 0.39-1.49. Yu et al. achieved a N / P ratio of 0.16-0.46 by a rf-magnetron sputtering. 19 Dudney and Jenson used a cosputtering technique with Li 3 PO 4 and Li 3 N targets and achieved a high N / P ratio of 1.2. 51 Choi et al. also conducted reactive rf-magnetron sputtering of a Li 3 PO 4 target under a pure N 2 atmosphere and achieved a N / P ratio of 0.4-1.25. 52 More recently, Hamon et al. were able to achieve a N / P ratio of 0.7-1.4 by a rf-magnetron sputtering. 53 The PA-DVD approach therefore appears capable of achieving nitrogen concentrations in Lipon films that are similar to these present in rf sputtered material. FIG. 6 . N/ P and Li/ P ratios of Lipon films. The N / P ratio was determined by XPS with ±10% error. The Li/ P ratio was determined by ICP-OES with ±5% error .   FIG. 7 . Illustration of two ways that nitrogen can be incorporated in Lipon.
FIG. 8. Surface and cross-sectional SEM images of Lipon films deposited using a plasma currents of ͑a͒ 60, ͑b͒ 90, ͑c͒ 120, and ͑d͒ 150 A. The surface changed from one covered with roselike spirals to a dense spiralfree surface as the plasma current was increased. The films were grown on a silicon substrate with a thermal expansion coefficient of ϳ2.8ϫ 10 −6°C−1 at 25°C ͑Ref. 55͒. Bulk Lipon has a thermal expansion coefficient of ϳ1.22ϫ 10 −5°C−1 at 25°C ͑Ref. 56͒.
Li-ion conductivity
The Li-ion conductivity of the Lipon films has been deduced from EIS measurements. Figure 11 shows the EIS spectra for three of the Lipon films prepared by the PA-DVD approach. Table III shows the fitting parameters of the EIS spectra used to calculate the Li-ion conductivities via the impedance circuit model. These conductivities are shown in Table II . The Li-ion conductivities of the Lipon films synthesized by the PA-DVD approach were in the 10 −7 -10 −9 S / cm range, which is comparable to the values reported for films 11 . Electrochemical impedance spectroscopy ͑EIS͒ data for Lipon films prepared using plasma currents of ͑a͒ 60, ͑b͒ 90, and ͑c͒ 120 A. The EIS spectra were measured in the 0.1-10 5 Hz range. Impedance circuit model of EIS spectra is represented in the inset of Fig. 11͑a͒ . R hf is a resistance at high frequency ranges, Z i is impedance in low frequency ranges, and the middle square box is represented by Cole-Cole equation. In the EIS spectra, solid dots are experimental data and red lines represent a graph fitted by the impedance circuit model. grown by the e-beam evaporation technique. 24 However, they were lower than those of Lipon films prepared by the rf-magnetron sputtering. 53 This may be connected to variations in the fraction of doubly and coordinated nitrogen in the forms. The experimental relationship between the nitrogen incorporation and the Li-ion conductivity has yet to be fully resolved in part because of the difficulty of precisely determining the composition and the coordination state. The work reported here indicates that the Liion conductivity achieved by the PA-DVD approach decreased with increase of the plasma current even though the N / P ratio increased. This may have been a result of lithium losses in the Lipon films which also increased with plasma current, Fig. 6 .
Motivated by rechargeable thin-film battery applications, Park et al. synthesized Lipon films by the reactive rfmagnetron sputtering and obtained Li-ion conductivities of 9.1ϫ 10 −7 -7.2ϫ 10 −9 S / cm range. 54 Using films with these different Li-ion conductivities, they fabricated rechargeable thin-film lithium batteries. The Lipon films that had Li-ion conductivities of 9.1ϫ 10 −7 S / cm showed good chargedischarge properties required for rechargeable thin-film lithium batteries. The Lipon films that had Li-ion conductivities of 1.2ϫ 10 −8 S / cm also showed acceptable chargedischarge properties. However, the use of Lipon films with Li-ion conductivities of 7.2ϫ 10 −9 S / cm, resulted in rechargeable thin-film lithium batteries that suffered serious capacity losses. In the work reported here, Lipon films synthesized at the plasma currents of 60-90 A had Li-ion conductivities between 10 −7 and 10 −8 S / cm and therefore appear well suited for applications as the electrolyte of rechargeable thin-film lithium batteries. Because of its high deposition rate capability, the PA-DVD approach might also potentially provide an economical deposition route for synthesizing Lipon films.
V. CONCLUSIONS
A plasma-assisted directed vapor deposition ͑PA-DVD͒ approach has been successfully used to synthesize lithium phosphorous oxynitride ͑Lipon͒ films.
1. Using this approach, it has been possible to deposit Lipon films at rates up to 45 times those reported for reactive rf-magnetron sputtering processes. 2. The use of a plasma during deposition facilitated significant microstructure control enabling the growth of porous, amorphous columnar, or dense amorphous Lipon structures with no detectable porosity or cracking. 3. Control the level of nitrogen incorporation into the Lipon films and the N / P ratio could also be achieved by modification of the plasma current. However, this was accompanied by reductions in lithium content as the N / P ratio approached 1.5. 4. XPS peak shift measurements indicated that nitrogen substituted for oxygen in Li 3 PO 4 in the plasma-assisted DVD Lipon films grown here. 5. Analysis of the XPS nitrogen peaks indicates the existence of both triply and doubly coordinated nitrogen. 6. The PA-DVD approach resulted in Lipon films with a Li-ion conductivity in the 10 −7 -10 −9 S / cm range at room temperature.
ACKNOWLEDGMENTS
We would like to thank Robert Kelly for use of the electrochemical impedance spectroscopy facility and for his insightful discussions of this work. 
